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ABSTRACT-The results of l a r g e  scale ab i n i t i o  c a l c u l a t i o n s  o f  t h e  r a t e s  f o r  

product ion  of  O (  ID) by d i s s o c i a t i v e  recombinat ion of 0: are p resen ted  f o r  

e lec t ron  tempera tures  i n  t h e  range  100-3000K. 

d i s s o c i a t i v e  rou te  from v=O and a ’Z, s t a t e  is t h e  most impor tan t  r o u t e  from 

v=l and v=2. The c a l c u l a t e d  t o t a l  r a t e  f o r  O(’D) product ion  from v=O is 
2.21 (+0.21 , - 0 . 2 4 ) ~ 1  O- ’~ (Te /300) - .*~  near room temperature. The v=l  and v=2 

ra tes  are about  17% a n d  47% smaller r e s p e c t i v e l y ,  than  t h e  v=O r a t e  a t  300K. 

A ‘Au  s t a t e  is t h e  dominant 
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I. Introduction 

For t h e  molecular ion ,  AB', d i s s o c i a t i v e  recombination ( D R )  w i t h  an  e l e c t r o n  

is d e s c r i b e d  by 

AB+ + e- + A + B ( 1  1 

where A or  B a r e  ground o r  e x c i t e d  s t a t e  atoms o r  molecular fragments. The 

s t u d y  o f  t h e  p r o c e s s  o f  DR of molecular i o n s  w i t h  e l e c t r o n s  began wi th  t h e  

sugges t ion  of Bates and Massey (1947) t h a t  DR could be an  important s i n k  f o r  
e l e c t r o n s  i n  t h e  ionosphere.  It is now recognized t h a t  DR can be a r a p i d  

p rocess  i n  a wide  v a r i e t y  of plasma environments. 
Alex Dalgarno has made many s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  s t u d y  of DR. 

These have ranged from fundamental s t u d i e s  of t he  DR mechanism t o  a p p l i c a t i o n s  
i n  i n t e r s t e l l a r  and atmospheric chemistry. The i n t e r s t e l l a r  s t u d i e s  (Dalgarno, 
1976, 1982, 1983, 1985, 1986; Dalgarno e t  a l . ,  1973; B lack  and Dalgarno, 1977; 

Dalgarno and Black, 1976) have explored the  DR of a w i d e  v a r i e t y  of molecules,  

r ang ing  i n  s i z e  from Hi t o  C,H,OH,+. Several  of t h e  atmospheric s t u d i e s  of DR 

(Dalgarno, 1958, 1983) have focused on the  r o l e  of D R  i n  t he  product ion of t he  

red l i n e  of atomic 0 (Dalgarno, 1958; Dalgarno and Walker, 1964; Abreu e t  a l . ,  

1985). Add i t iona l  c o n t r i b u t i o n s  r e l e v a n t  t o  t h e  theory of DR have encompassed 

the  c a l c u l a t i o n  o f  t h e  e n e r g i e s  (Dalgarno and Drake, 1971) and w i d t h s  

(Bransden and Dalgarno, 1952, 1953, 1953a) of a u t o i o n i z i n g  s t a t e s  and t h e  

d e f i n i t i o n  o f  d iaba t ic  s t a t e s  (Dalgarno, 1980).  An a n a l y s i s  of t h e  mechanism 

of DR (Bates and Dalgarno, 1962),  based upon the  e a r l i e r  work of Bates (1950, 
1950a),  provided a number of important i n s i g h t s  i n t o  DR. P e r h a p s  most r e l e v a n t  
t o  the  work p resen ted  below was the  p r e d i c t i o n  t h a t  t h e  e l e c t r o n  temperature  

dependence o f  t h e  DR r a t e  c o e f f i c i e n t  is T G o o S  u n l e s s  t he  curve c r o s s i n g  of 
t he  d i s s o c i a t i v e  and molecular i on  s t a t e s  leads t o  a r a p i d  v a r i a t i o n  of the 

Franck Condon f a c t o r s  w i t h  e l e c t r o n  energy. 
One of t h e  examples p re sen ted  by Bates and Dalgarno (1962) was t h e  DR of 0: 

w i t h  an e l e c t r o n ,  0: + e- + 0 + 0. I t  is now well recognized t h a t  DR of 0; is 

an important  sou rce  of O ( ' D )  i n  t he  aurora  (Dalgarno and Reid ,  1969; Bates, 

1982; Rees and Roble, 1986) and airglow (Schaeffer e t  a l . ,  1972; Ba te s ,  1982; 

Sharp,  1986). 
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This  paper r e p o r t s  t h e  first l a r g e  s c a l e  ab i n i t i o  c a l c u l a t i o n s  of t h e  r a t e  
c o e f f i c i e n t  f o r  gene ra t ion  of O ( ' D )  atoms from D R  of 0; i n  one of t h e  lowest  
three v i b r a t i o n a l  l e v e l s .  The next  s e c t i o n  has  a d i s c u s s i o n  of t h e  t echn iques  
used t o  a c c u r a t e l y  determine t h e  p o t e n t i a l  cu rves  f o r  t h e  important 
d i s s o c i a t i v e  r o u t e s  of 0,. The method used f o r  c a l c u l a t i n g  t h e  c r o s s  S e c t i o n s  
and rates is d i s c u s s e d  i n  S e c t i o n  111. The approach used f o r  determining 
a u t o i o n i z a t i o n  w i d t h s  is summarized i n  s e c t i o n  I V  and the  r e s u l t i n g  r a t e s  f o r  
O ( ' D )  product ion a r e  p re sen ted  i n  S e c t i o n  V .  

11. Potential Curves 

I n  a seminal paper,  Bates (1950a) pointed out  t h a t  DR ra tes  of s i g n i f i c a n t  

magnitude a t  low e l e c t r o n  e n e r g i e s  r e q u i r e  t h a t  a r e p u l s i v e  p o t e n t i a l  curve,  
d e s c r i b i n g  t h e  motion of t he  products  i n  ( l ) ,  c r o s s e s  t h e  ion curve wi th in  t h e  

t u r n i n g  p o i n t s  of t h e  ion v i b r a t i o n a l  l e v e l  undergoing recombination. S ince  

the  time f o r  d i s s o c i a t i o n  can o f t e n  be r a p i d  compared t o  the time f o r  emission 
of t h e  cap tu red  e l e c t r o n ,  t h e  r a t e  of DR can indeed be f a s t .  The p r o c e s s  is 

i l l u s t r a t e d  i n  F i g .  1 where an ion i n  t h e  v-1 v i b r a t i o n a l  l e v e l  undergoes DR 

by c a p t u r e  of an  e l e c t r o n  of energy E .  For t h e  DR of O:, i n spec t ion  of t he  

r e l e v a n t  p o t e n t i a l  cu rves  (Guberman, 1983) shows t h a t  f o r  t h e  lowest t h r e e  
v i b r a t i o n a l  l e v e l s  of t h e  ion ,  only f i v e  r e p u l s i v e  s t a t e s  can y i e l d  O ( ' D ) .  The 

s t a t e s  of i n t e r e s t  a r e  the  lowest  s t a t e s  of 'Z;, ' A u ,  .Xu, ' n g ,  and 311g 

symmetries. The l a t t e r  two s t a t e s  do n o t  d i s s o c i a t e  a d i a b a t i c a l l y  t o  ' D  atoms 

b u t  have avoided c r o s s i n g s  w i t h  h ighe r  s t a t e s  t h a t  lead t o  ' D  atoms. However 

t h e  two n s t a t e s  have exceedingly small c a l c u l a t e d  w i d t h s ,  ,003OeV f o r  'ng  and 
.0022eV f o r  'Ilg (Cuberman, 1987a) a t  R=2.2819ao. These w i d t h s  a re  about  two 

o r d e r s  of magnitude sma l l e r  than t h e  smallest w i d t h  c a l c u l a t e d  ( s e e  S e c t i o n  
I V . 1  f o r  t he  o t h e r  three s ta tes .  S ince  these small w i d t h s  w i l l  l e a d  t o  very 

small DR r a t e s ,  t hese  s t a t e s  a re  neg lec t ed  i n  the  c a l c u l a t i o n  of the  t o t a l  DR 

ra te  f o r  product ion o f  ' D  atoms. The c a l c u l a t e d  p o t e n t i a l  cu rves  f o r  t h e  

remaining three s t a t e s  a r e  shown i n  Fig.  1 .  The p o t e n t i a l  cu rves  have been 
c a l c u l a t e d  us ing  con t r ac t ed  Gaussian b a s i s  s e t s  o f  [ 6 s y 3 p , 2 d , l f ]  s i z e .  The 
basis  sets have been chosen t o  exclude Rydberg c h a r a c t e r  and t h e  r e s u l t i n g  
p o t e n t i a l  cu rves  desc r ibe  the  d i a b a t i c  valence s t a t e s  needed f o r  DR.  The 

1 +  
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o r b i t a l s  are  determined s e p a r a t e l y  f o r  each s t a t e  i n  Complete Act ive Space 

S e l f - c o n s i s t e n t  F i e l d  (CASSCF) c a l c u l a t i o n s  (Roos e t  a l . ,  1980) and t h e  

Conf igura t ion  I n t e r a c t i o n  ( C I )  wave func t ions  are  genera ted  by  t ak ing  a l l  

s i n g l e  and double e x c i t a t i o n s  from a mul t i re ference  s e t  of c o n f i g u r a t i o n s  t o  
t he  full v i r t u a l  o r b i t a l  space. The d i r e c t  C I  method (Siegbahn, 1980) and t h e  

MOLECULE (Alm1of)- SWEDEN (Siegbahn e t  a l . )  programs were used f o r  t h e  

c a l c u l a t i o n  o f  t h e  p o t e n t i a l  curves .  The C I  ene rg ie s  have been c o r r e c t e d  f o r  

the  miss ing  quadruple  e x c i t a t i o n s  (Langhoff and Davidson, 1974). The f i n a l  C I  

wave f u n c t i o n s  f o r  t h e  'E;, ' A u ,  and 'Zi states had 228,036, 185,400 and 

139,946 terms r e s p e c t i v e l y .  Fu r the r  d e t a i l s  of  t h e  c a l c u l a t i o n s  w i l l  be 

r e p o r t e d  s e p a r a t e l y  (Guberman, 1987b).  
The 'E, s t a t e  shown i n  Fig.  1 i n t e r s e c t s  the ion  a t  t h e  small R t u r n i n g  

p o i n t  of  t h e  v=O l e v e l  and is the  d i a b a t i c  con t inua t ion  of  t h e  r e p u l s i v e  Wall 

Of t h e  upper s t a t e  of  t h e  w e l l  known Schumann-Runge bands. D i s soc ia t ion  a long  

2; af te r  cap tu re  by a z e r o  energy e l e c t r o n  from v=O leads t o  a ground s t a t e  3 

atom and a ' D  atom, each  w i t h  2.5 eV k i n e t i c  energy. D i s soc ia t ion  a long  the  

'Au  r o u t e  from v=O leads t o  two ' D  atoms, each w i t h  1.5eV k i n e t i c  energy. 
D i s soc ia t ion  a long  'Zf leads t o  a 'S and a 'D atom, each w i t h  0.4 eV k i n e t i c  
energy from v=O. 

111. Methods for Cross Sections and Rates 

The c r o s s  s e c t i o n s ,  u v ,  f o r  d i r e c t  DR (Bards ley ,  1968) from ion  v i b r a t i o n a l  
l e v e l  v have been c a l c u l a t e d  us ing  t h e  express ion  de r ived  by G i u s t i  (1980) 

from quantum d e f e c t  theory  f o r  t h e  case  of  a s i n g l e  d i s s o c i a t i v e  s t a t e  and 
many open ion v i b r a t i o n a l  l e v e l s ,  v ' ,  

where k$ = 2 m ~ ,  k e  is t h e  wave number of t h e  i n c i d e n t  e l e c t r o n ,  m is t h e  

e l e c t r o n  mass, and r t h e  r a t i o  of m u l t i p l i c i t i e s  of  t he  n e u t r a l  and ion 
s ta tes .  The matrix elements  sv are given by 
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where Xv and xd a r e  v i b r a t i o n a l  wave f u n c t i o n s  f o r  the ion  and d i s s o c i a t i v e  

s t a t e s ,  r e s p e c t i v e l y .  The i n t e g r a t i o n  i n  ( 3 )  i s  over both R and the  e l e c t r o n i c  
coord ina te s .  The v i b r a t i o n a l  wave f u n c t i o n s  a r e  determined b y  t h e  Numerov 
method on a 0.001ao g r i d  between 0.0 and 8.0ao. The i n t e g r a t i o n  over  R i n  (3 )  
is  done by Simpson's ru le .  The width,  r (R) ,  connec t s  the  e l e c t r o n i c  continuum 
of t h e  f r e e  e l e c t r o n  and ion  t o  t h e  r e p u l s i v e  d i s s o c i a t i n g  resonance s t a t e  and 

is given by t h e  Golden Rule, 

I n  ( 4 )  H is the  Hamiltonian, the i n t e g r a t i o n  is over t h e  e l e c t r o n i c  
c o o r d i n a t e s  r ep resen ted  b y  x ,  and the  wave f u n c t i o n s  from l e f t  t o  r i g h t  i n  ( 4 )  

a r e  f o r  the  ion core,  t he  f ree  e l e c t r o n ,  and the  d i s s o c i a t i v e  n e u t r a l  S t a t e .  
The antisymmetrized product  of t h e  ion  c o r e  and f ree  e l e c t r o n  wave f u n c t i o n s  

is denoted by { I .  
The i n d i r e c t  DR process  ( B a r d s l e y ,  1968a; G i u s t i ,  1980; Ciusti-Suzor e t  a l . ,  

1983) i n  which recombination occur s  i n t o  a v i b r a t i o n a l l y  e x c i t e d  Rydberg S ta te  

which is p r e d i s s o c i a t e d  by  t h e  r e p u l s i v e  r o u t e s  d i scussed  here, has n o t  been 

included i n  t he  c r o s s  s e c t i o n  c a l c u l a t i o n s .  The i n d i r e c t  p rocess  is not  
expected t o  be a s i g n i f i c a n t  c o n t r i b u t o r  t o  O ( ' D )  product ion.  

Rate c o n s t a n t s  have been c a l c u l a t e d  by averaging t h e  c a l c u l a t e d  c r o s s  
s e c t i o n s  over  a Maxwellian d i s t r i b u t i o n  of e l e c t r o n  e n e r g i e s .  

IV. Electronic Widths 

The w i d t h s  given i n  E q .  ( 4 )  have been c a l c u l a t e d  by us ing  h igh  Rydberg 

o r b i t a l s  t o  r e p r e s e n t  t h e  f ree  e l e c t r o n  (Guberman, 1986, 1987a).  S i n c e  a l l  t h e  

o r b i t a l  a m p l i t u d e s  i n  ( 4 1 ,  except  f o r  t h a t  of t h e  f ree  e l e c t r o n ,  f a l l  o f f  
r a p i d l y  w i t h  i nc reas ing  x, only t h e  f r e e  e l e c t r o n  ampli tude n e a r  t h e  n u c l e i  is 

needed f o r  t he  w i d t h  c a l c u l a t i o n .  Excep t  f o r  a normalizat ion f a c t o r ,  high 

Rydberg o r b i t a l s  have a shape similar t o  f ree  e l e c t r o n  o r b i t a l s  nea r  t h e  

n u c l e i .  A d e n s i t y  of s t a t e s  is then i n s e r t e d  i n t o  ( 4 )  f o r  t h e  no rma l i za t ion  
(Guberman, 1987a). The Rydberg o r b i t a l s  a re  c a l c u l a t e d  us ing  t h e  Improved 
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V i r t u a l  O r b i t a l  ( I V O )  method (Hunt e t  a l . ,  1969) i n  a bas i s  s e t  of  18 d i f f u s e  

Caussians pos i t i oned  midway between t h e  n u c l e i  (Guberman, 1987a) .  Each Rydberg 

o r b i t a l  is an  e igen func t ion  of  an  I V O  Hamiltonian which is unique f o r  each 

molecular symmetry. 
The wave f u n c t i o n  o f  the  ion  p l u s  a free e l e c t r o n  i n  ( 4 )  is r ep resen ted  by 

ant isymmetr ized products  of a va lence  C I  d e s c r i p t i o n  o f  t h e  ground s t a t e  of 0; 

w i t h  the Rydberg o r b i t a l  and wi th  t he  valence v i r t u a l  o r b i t a l s  of t h e  same 
symmetry as the  Rydberg o r b i t a l .  For the  w i d t h  c a l c u l a t i o n s ,  the  d i s s o c i a t i v e  

s t a t e s  were r ep resen ted  by f u l l  valence C I  wave f u n c t i o n s  i n  which e x c i t a t i o n s  
o u t  o f  t h e  20 o r b i t a l s  were included.  For 'Xi t h i s  procedure leads t o  a 48 

term C I  wave func t ion  f o r  the  d i s s o c i a t i v e  s t a t e  and a 954 term C I  wave 
func t ion  f o r  t h e  e n t r a n c e  channel.  For ' A u  and 'Et, t h e  e n t r a n c e  and e x i t  
channel  wave f u n c t i o n s  have 42 and 630 terms r e s p e c t i v e l y .  The s i z e  of the  

en t r ance  channel  wave f u n c t i o n  is increased f u r t h e r  by a l lowing  t h e  en t r ance  
channel  t o  mix i n  h ighe r  nonphysical  rou te s  from t h e  e x i t  channel.  A Feshbach 

(1958) p r o j e c t i o n  o p e r a t o r  procedure has been used t o  implement t h i s  procedure 
(Guberman, 1986, 1987a).  

The e n t i r e  procedure is repea ted  f o r  s e v e r a l  va lues  o f  t h e  Rydberg o r b i t a l  
p r i n c i p a l  quantum number w i t h  the h ighes t  a c c u r a t e l y  determined o r b i t a l  having 
n=8. The w i d t h s  c a l c u l a t e d  from each value of  n a r e  then  e x t r a p o l a t e d  t o  the 

continuum. A comparison t o  experimental ly  de r ived  (Calluser e t  a l . ,  1982) 
p r e d i s s o c i a t i o n  mat r ix  e lements  f o r  NO i n d i c a t e s  t h a t  t h e  w i d t h s  c a l c u l a t e d  by 

t h i s  procedure d e v i a t e  from experiment by about  15%. 

For 'Xi, t he  c a l c u l a t e d  wid th  is 0.81 eV nea r  ~ = 2 . 0 8 a 0  and dec reases  t o  
0.54eV a t  1.78ao. For ' A u  and 'Zt, t h e  wid th  is r e l a t i v e l y  c o n s t a n t  wi th  R ,  

having a va lue  of  0.44eV and 0.29eV r e s p e c t i v e l y  a t  R=2.28ao,varying by only  
about  2% over  t he  r e g i o n  of s i g n i f i c a n t  nuc lea r  ove r l ap  w i t h  the v=O,1 ,2  ion  

wave f u n c t i o n s .  S ince  t h e  estimated unce r t a in ty  i n  t h e  calculated w i d t h s  is 

155, t h e  v a r i a t i o n  of  t he  wid th  wi th  R h a s  been ignored f o r  ' A u  and 'Zf but  
has been accounted for i n  express ion  (3)  f o r  '1, ( S .  L. Cuberman, 1987b).  

V .  Calculated DR Rates 

The c a l c u l a t e d  ra te  c o n s t a n t s  f o r  the three d i s s o c i a t i v e  r o u t e s  d iscussed  
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here are shown i n  F i g . s  2 ,  3 ,  and 4 f o r  each o f  t h e  lowest  th ree  v i b r a t i o n a l  

l e v e l s  of t he  nonrotat ing ion. For 200STeS400K, the  DR r a t e s  a r e  g iven  i n  

Table 1 .  The u n c e r t a i n t i e s  i n  the  r a t e s  a re  average u n c e r t a i n t i e s  computed 
from an  estimated +15% u n c e r t a i n t y  i n  t he  c a l c u l a t e d  w i d t h s  and a n  estimated 

kO.leV u n c e r t a i n t y  i n  t h e  p o s i t i o n  of t h e  p o t e n t i a l  cu rves  r e l a t ive  t o  t h e  ion 

curve.  The h ighes t  DR ra tes  are  from '1s. However, f o r  v=O, t he  r a t e  along ' A u  

is more than  ha l f  t h e  DR ra te  along '1;. Since  ' A u  leads t o  two ' D  atoms, t he  

h i g h e s t  ra tes  f o r  producing ' D  atoms from v=O are  from ' A u .  However, from v=l 
and v=2 ( F i g . s  2-41, t h e  h i g h e s t  r a t e s  f o r  O ( ' D )  product ion are  from '1;. 

As pointed ou t  by Ba te s  and Dalgarno(l9621, t he  temperature  dependence of 
t h e  d i rec t  DR process  w i l l  vary as T i o o s  i f  t he  a m p l i t u d e  of t h e  ion wave 

f u n c t i o n  does  n o t  v a r y  s u b s t a n t i a l l y  over t he  range of e l e c t r o n  e n e r g i e s  of 
i n t e r e s t .  Such a s i t u a t i o n  can  a r i s e  f o r  any ion wave f u n c t i o n  i f  t h e  

d i s s o c i a t i v e  curve is v e r y  steep. I n  g e n e r a l ,  an i n t e r s e c t i o n  of the 

d i s s o c i a t i v e  r o u t e  w i t h  t he  ion  v i b r a t i o n a l  l eve l  nea r  t h e  peak of t he  ion  

wave f u n c t i o n  w i l l  lead t o  s lowly varying n u c l e a r  ove r l ap  terms and e l e c t r o n  
temperature  dependencies nea r  -0.5, while  i n t e r s e c t i o n  a t  a p o i n t  where t h e  

a b s o l u t e  va lue  of t h e  ion wave f u n c t i o n  a m p l i t u d e  is i n c r e a s i n g  (dec reas ing )  
w i l l  u s u a l l y  lead t o  temperature  dependencies more p o s i t i v e  ( n e g a t i v e )  t han  - 

0.5. Note t h a t  the denominator i n  ( 2 )  has a tempering e f f e c t  upon these  
conclusions.  Two such c a s e s  a r e  i l l u s t r a t e d  i n  Cases a and b of F ig .  2 of 
Bates and Dalgarno (1962) .  The l a t t e r  Case shows a d i s s o c i a t i v e  r o u t e  
i n t e r s e c t i n g  the  v=O l e v e l  i n  t h e  n o n c l a s s i c a l  r eg ion  on t h e  l a r g e  R s ide  of 
the ion equi l ibr ium i n t e r n u c l e a r  d i s t a n c e  and resembles t h e  s i t u a t i o n  found 
here f c r  'E:. 

For 'Z:, t h e  amplitudes of t h e  ion  wave f u n c t i o n s  a t  low e l e c t r o n  e n e r g i e s  
i n c r e a s e  most r ap id ly  f o r  v=O. The inc rease  f o r  v=l is less  r a p i d  than f o r  
V - 0 .  For v=2, t h e  i n t e r s e c t i o n  is nea r  t he  o u t e r  peak i n  t h e  v=2 wave 

func t ion .  The calculated temperature  dependencies given i n  Table  1 f o r  '2: 

show the  p red ic t ed  p a t t e r n .  The most p o s i t i v e  exponent is f o r  v=O followed by 

v=l  and ~ 3 2 .  For the o t h e r  two d i s s o c i a t i v e  r o u t e s  t he  exponents are nea r  0.5 

f o r  v-0 s i n c e  t h e  i n t e r s e c t i o n s  w i t h  t he  ion a re  wi th in  t h e  c l a s s i c a l  t u r n i n g  

p o i n t s  and t h e  amplitude is changing slowly. For v=l and 2 and '1; and ' A u ,  

one must  take i n t o  account t he  ove r l ap  of the nodes i n  the  ion wave f u n c t i o n s  
wi th  t h e  nodes i n  t h e  continuum wave func t ions .  The exponents a r e  d i f f i c u l t  t o  
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p r e d i c t  i n  these c a s e s  by v i s u a l  inspec t ion  o f  F ig .1 .  

Also shown i n  Fig.3 2-4 are  t h e  r a t e s  f o r  the equ i l ib r ium c a s e  where t h e  

v i b r a t i o n a l  temperature  is s e t  equal  t o  t h e  e l e c t r o n  temperature. For 'I;, t he  

equ i l ib r ium c a s e  r a t e s  a re  n e a r l y  ind i s t ingu i shab le  from the  v=O ra t e s  over 
t h e  span o f  e l e c t r o n  tempera tures  p lo t t ed .  For 'Au, t h e  equ i l ib r ium r a t e s  f a l l  

below the  v=O ra t e s  a t  h igh  e l e c t r o n  temperatures.  For '25, t h e  equ i l ib r ium 
rates  i n c r e a s e  d rama t i ca l ly  above 450K, s i n c e  the rates f o r  v=l and v=2 are 
s u b s t a n t i a l l y  l a r g e r  t h a n  f o r  v=O (Guberman, 1987) .  

It  is i n t e r e s t i n g  t o  examine the 'D production i n  each  channel  as a func t ion  
of ion v i b r a t i o n a l  l e v e l .  From v=O, 56% of t h e  ' D  atoms a r i s e  from t h e  ' A u  

channel  and 4 4 %  a r i se  from t h e  '1; channel. For v = l ,  58% of t h e  ' D  atoms are 

i n  t h e  'Z; channel  and 4% appear i n  t h e  ' Z c  channel w i t h  0.52eV k i n e t i c  

energy. For v=2, 45% of  t h e  atoms a r e  i n  t h e  2.7eV '1, channel and 21% are  i n  
the 0.64eV '15 channel.  Each v i b r a t i o n a l  l e v e l  w i l l  lead t o  a unique three 

component Doppler l i n e  shape. From these  data, the  v i b r a t i o n a l  d i s t r i b u t i o n  of 
the recombining ion  could be determined i n  an experiment t h a t  a c c u r a t e l y  
de te rmines  the  Doppler w i d t h s  of t he  r a d i a t i n g  ' D  atoms. 

The t o t a l  r a t e  f o r  producing ' D  atoms f o r  T e  i n  t h e  above range from v=O 
(Table  1 )  is 2.21(+0.21 ,-0.24) x lo-' x ( T e / 3 0 0 ) - 0 * r 6 ~ m ' / ~ e ~  and is i n  good 
agreement w i t h  t h e  v a l u e  o r i g i n a l l y  repor ted  by  Z i p f  (1970) of  1.9 x lo-' 

cm'/sec. Note t h a t  t he  t o t a l  ca l cu la t ed  r a t e  d e c r e a s e s  wi th  inc reas ing  v. The 

ra te  from v=2 is about  ha l f  t h e  ra te  from v=O. The v a r i a t i o n  o f  the  ra te  w i t h  

v c o n t r a s t s  s h a r p l y  t o  t h a t  f o r  producing O('S) (Guberman, 1987) shown i n  the  

f o u r t h  column of  Table  1 and Fig.  4 .  The r o t a t i o n l e s s  O('S) r a t e  f o r  v=2 is a 

f a c t o r  of  80 l a r g e r  than t h e  r a t e  from v-0. The t o t a l  c a l c u l a t e d  r a t e  u p  t o  
Te=3000K f o r  ' D  product ion is shown i n  Fig. 5. Rates f o r  both J=O and 
r o t a t i o n a l l y  averaged rates i n  which the r o t a t i o n a l  temperature  is the  same as 
T e  are shown. Clearly,  account ing f o r  t h e  r o t a t i o n a l  tempera ture  has only  a 
s l i g h t  e f f e c t  upon t h e  c a l c u l a t e d  rates. The r o t a t i o n a l l y  averaged and the  

r o t a t i o n l e s s  results from v=O and for t h e  case of  equa l  v i b r a t i o n a l  and 
e l e c t r o n  tempera tures  are each superimposed on the scale o f  Fig.  5. 

There have been s e v e r a l  aeronomic de te rmina t ions  o f  t h e  ' D  p roduct ion  rate 

by DR. The l i t e r a t u r e  p r i o r  t o  1982 has been reviewed by M. R. Tor r  and D. G. 

Torr  ( 1  982) .  Among the  deduced production ra tes  a re  (2.1 +O. 481x1 O-'X 

(Te/300)'-55 ( P .  B. Hays e t  a l ,  1978; R. Link e t  a l . ,  1981) and 

8 

a 



(1.96~0.67)~1O-'~(Te/300)-~~~ (Abreu e t  a l . ,  1983) .  These r a t e s  were obta ined  
by combining the  t o t a l  r a t e  found by Walls and Dunn (1974) and Tor r  e t  a l .  
(1976) w i t h  a model de te rmina t ion  of  t h e  'D quantum y i e l d .  A r e c e n t  
de te rmina t ion  (Abreu e t  a l . ,  1986) which improves t h e  models by inc luding  
quenching of  O( 'D) by O (  'P) l e a d s  t o  a r a t e  of  1 . 9 ~ 1 0 - ~ ~ ( T ~ ~ 3 0 0 ) - * ~ ~ .  The 

deduced ra tes  are i n  e x c e l l e n t  agreement w i t h  t h e  v=O r a t e  c a l c u l a t e d  here a t  
room temperature .  The atmospheric  quantum y i e l d s  are  de r ived  a t  ionospher ic  
temperatures .  A t  Te=760K, t h e  ' D  product ion r a t e  c a l c u l a t e d  here is 
1.41(+0.14,-O.l6)~1O-' compared t o  t he  model r a t e  (Abreu e t  a l . ,  1986) of 1 . 1 4  

x lo-'. Considering t h e  l i k e l y  p r e c i s i o n  on t h e  l a t t e r  r a t e ,  t he  r a t e s  
r epor t ed  here are  i n  agreement w i t h  t he  model rates. Note t h a t  t h e  p rec i s ion  
on t h e  r a t e s  c a l c u l a t e d  here do n o t  exclude t h e  p o s s i b i l i t y  t h a t  t h e  models 
apply t o  v i b r a t i o n a l l y  excited 0;. 

None of t h e  above models have included ' D  product ion due t o  cascade  from 'S. 

The DR c o n t r i b u t i o n  t o  cascade w i l l  be unimportant i f  t h e  ion is m o s t l y  i n  v=O 
b u t  should be considered i f  a s u b s t a n t i a l  f r a c t i o n  of  t h e  i o n s  a r e  

v i b r a t i o n a l l y  exc i ted .  

VI. Conclusions 

Three n e u t r a l  d i s s o c i a t i v e  s t a t e s  of  'E;, ' A u ,  and 'If symmetries have been 

i d e n t i f i e d  a s  the  major sou rces  of O('D) from DR of  t h e  lowest t h r e e  
v i b r a t i o n a l  l e v e l s  o f  0:. DR ra tes  along each o f  these r o u t e s  have been 

c a l c u l a t e d  f o r  e l e c t r o n  tempera tures  i n  the  range  lOO-3OOOK. The t o t a l  r a t e  
f o r  gene ra t ing  DR from v=O, 2.21(+0.21,-0.24) x lo-' x ( T e / 3 0 0 ) - 0 * ~ 6 ~ m 3 / ~ e ~ ,  

a g r e e s  wi th  p r i o r  ra tes  determined from aeronomic models and l a b o r a t o r y  
measurements. However, t h e  v a r i a t i o n  of  t h e  r a t e  w i t h  v and the  p r e c i s i o n  on 

t h e  calculated r a t e s  l eaves  room f o r  the  p o s s i b i l i t y  tha t  the  atmospheric  
models and the  l abora to ry  experiments  could be observ ing  v i b r a t i o n a l l y  e x c i t e d  
ions.  The t o t a l  r a t e  f o r  gene ra t ing  O ( ' D )  dec reases  wi th  inc reas ing  v i n  
Cont ras t  t o  t h e  r a t e s  f o r  gene ra t ing  O('S) which inc rease  marked ly  w i t h  

i nc reas ing  v . 
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Figure Capt ions 

1 .  P o t e n t i a l  energy cu rves  f o r  DR l e a d i n g  t o  O('D). The three important 
c a l c u l a t e d  r e p u l s i v e  r o u t e s  f o r  DR of t h e  lowest three v i b r a t i o n a l  l e v e l s  a re  
shown. The bound p o t e n t i a l  f o r  t he  ion i s  taken from Krupenie (1972) and 

c a l c u l a t e d  p o i n t s  (Cuberman, t o  be pub l i shed) .  The v i b r a t i o n a l  wave f u n c t i o n s  
are each p l o t t e d  on t h e  same s c a l e  and are  ob ta ined  from t h e  numerical  
s o l u t i o n  of t h e  nuclear Schroedinger equat ion.  

2.  Ca lcu la t ed  DR rates along the  '1; d i s s o c i a t i v e  r o u t e  l ead ing  t o  O ( 3 P )  + 

O('D) from t h e  lowest t h r e e  v i b r a t i o n a l  l e v e l s  of t h e  ion. Also shown is the  

r a t e  f o r  t h e  c a s e  i n  which t h e  v i b r a t i o n a l  temperature is the  same as t h e  

e l e c t r o n  temperature. The r a t e s  a re  f o r  non-rotat ing molecules. 

3. Ca lcu la t ed  DR r a t e s  a long  the  ' A u  d i s s o c i a t i v e  r o u t e  l e a d i n g  t o  O('D) + 

O('D) from t h e  lowest t h r e e  v i b r a t i o n a l  l e v e l s  of the  ion. Also shown is the 

r a t e  f o r  t he  case  i n  which t h e  v i b r a t i o n a l  temperature is t h e  same as  the  

e l e c t r o n  temperature.  The r a t e s  a r e  f o r  non-rotat ing molecules. 

4. Calcu la t ed  DR rates a long  the  'EL d i s s o c i a t i v e  r o u t e  l ead ing  t o  O ( ' S )  + 

O('D) from t h e  lowest t h r e e  v i b r a t i o n a l  l e v e l s  of t h e  ion. Also  shown is t h e  
r a t e ' f o r  the case  i n  which t h e  v i b r a t i o n a l  temperature  is t h e  same as t h e  

e l e c t r o n  temperature. The r a t e s  are f o r  non- ro ta t ing  molecules. 

5. Ca lcu la t ed  t o t a l  DR ra tes  f o r  product ion of O('D) from t h e  lowest  three 
v i b r a t i o n a l  l e v e l s  o f  t h e  ion. Both the  J = O  r a t e s  and rates f o r  which t h e  
r o t a t i o n a l  temperature is t h e  same as the  e l e c t r o n  temperature  a r e  shown. 
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